Anodic TiO2 nanotube arrays (TNTs) exhibit excellent photoelectrocatalytic activities. However, the influence of TNTs structure on the photoelectrocatalytic activity has not yet been explored systematically. In this study, TNTs were prepared through anodization of Ti foils in electrolytic solution followed by annealing at 350 o C. The morphologies and microstructures of the as-prepared TNTs were characterized by scanning electron microscopy and X-ray diffraction. The photoelectrocatalytic activity of the as-prepared TNTs was tested through the degradation of methyl orange dye. The photoelectrocatalytic activity of TNTs increases with its length. It only takes 28 min for 2.90 um long TNTs to reach 98% degradation percentage, in comparison with that of 36min for 4.16 um long TNTs and 40 min for 7.72μm long TNTs. Better integrity and smoothness of TNTs presents better photoelectrocatalytic activity. E.g.: TNTs annealed at 350 o C for 1h presents better integrity and only take 28 min to obtain 98% degradation percentage, in comparison with that of 32 min for TNTs annealed at 350 o C for 3h. The crystal structure of TNTs with preferred orientation shows better photoelectrocatalytic activity than that with random orientation, which only takes 24 min to reach 98% degradation percentage, in comparison with that of 36 min for random orientated TNTs. Consequently, the photoelectrocatalytic activity of TNTs is highly related with the structure of TNTs.
INTRODUCTION
TiO2 nanotube arrays (TNTs) are applicable to many fields due to their unique characteristics, such as light confinement properties and charge transport [1] [2] [3] [4] . In addition, their structures can reduce the resistance of charge carrier (electron-hole pairs) compared to the traditional TiO2 nano-materials.
Hence, TNTs are used as photoelectrocatalysts for pollutant removal in waste water from industry [5] [6] [7] [8] [9] [10] [11] , as well as air purification under ultraviolet light [12] [13] . The application of potential bias voltage during photoelectrocatalysis can suppresses recombination of the photo-generated charge carriers by promoting the separation between photo-generated electrons and holes, leading to improved photocatalytic activity [14] [15] [16] .
TNTs fabricated by anodization in various electrolytes presents excellent photoelectrocatalytic (PEC) activity [17] , and were most extensively researched [18] [19] [20] . PEC activity of anodic TNTs is highly related to the one-dimensional transportation of photo-generated charge-carrier, hence the structure of anodic TNTs strongly influence its PEC activity [21] [22] [23] . Nevertheless, to the best of our knowledge, no studies have focused on the impacts of TNTs structure on its PEC activity systematically [24] [25] .
In this study, TNTs were fabricated by anodization on Ti substrates, and the influence of nanotube length, integrity and crystallographic preferred orientation of anodized TNTs on PEC activity [26] [27] were investigated. The results indicated that the PEC activity of TNTs is highly related to its structure.
EXPERIMENTAL AND METHODS

Materials preparation
Ti foil (purity 99.99%, length*width*thickness=30 mm*25 mm*0.3mm) was provided by Beijing Zhongnuo technology company. A two-electrode configuration was used to carry out the anodization process on Ti foil, in which a stainless steel plate was employed as the cathode. The anodization was performed in 1500 mL organic electrolyte solution composed of ethylene glycol, 0.3wt.% NH4F and 5%vol deionized water under 30 V at room temperature (22 o C) respectively. The distance between the anode and cathode was fixed at 2 cm, and magnetic stirring was maintained during the anodization process. A Zahner electrochemical workstation (Germany, Zennium) is used as the power source, and to record the current profiles during anodization process.
Fabrication of TiO2 nanotube array and its Characterization
TNTs is prepared by electro-chemical ways to fabricate [28] in a two-electrode electro-chemical cell. First a high purity Ti foil (0.3mm thick) cleaned with acetone and deionized for 15min, separately. Secondly, the pure Ti foil was electrochemical reacted for 1h at 30 V at room temperature (22 o C) . Using the Ti foil as anode and a stainless steel plate was employed as the cathode. The electrolyte was 1500 mL organic electrolyte solution composed of ethylene glycol, 0.3wt.% NH4F and 5%vol deionized water respectively. Finally, the as-prepared anodic TNTs were annealed in a muffle furnace (Shanghai Jinghong Laboratory Instrument Co., Ltd. SXL-1002). The annealing temperature was firstly ramped up at rate of 1 o C/min, and subsequenlty maintained at 350 o C for 1~ 3 h. After annealing, the samples were cooled to room temperature under air atmosphere.The as-prepared anodic TNTs were characterized by X-ray diffraction(XRD, Philip PW 1050-3710 diffract meter with Cu Kα irradiation) and scanning electron microscopy (SEM, Hitachi SU8220 ) at Shanghai Institute of Ceramics of Chinese Academy of Sciences.
Electrocatalytic, photocatalytic and photoelectrocatalytic degradation of MO dye.
EC degradation: MO dye solution was prepared by dissolving 10 mg/L MO dye in 3.5 wt.% NaCl electrolyte solution. A custom-made reactor (a working, counter and reference electrodes) was used for electrocatalysis degradation experiments. The reactor holds about 150 mL of solution at a lever where the anodized Ti foil was submerged just below the anodization area that is approximately 6.25 cm 2 . 0.4 V bias voltage was used to conduct EC degradation of MO dye solution.
PC degradation: The degradation of MO dye solution in a batch-type reactor by TNTs with same lengths was conducted at the same vessels, with a volume of 150 mL of solution. TNTs with a geometric area of about 6.25 cm 2 were put in the reactor vessel. Pt foil with a geometric area of about 6.25 cm 2 . 365nm wavelenth irradiation was provided by Phoseon Technology (Firefly FF200, USA). The anode was kept at a 6 cm distance from the light source, luminescence intensity on TNTs surface was determined to be ~41.64 mW/cm 2 by Thorlabs (Gmbh, S302C) light power sensor.
PEC degradation: A three-electrode system was employed, in which the anodized Ti foil with surface area of ca. 6.25 cm 2 was used as the working electrode. Pt foil (25*25*0.2mm) with surface area of ca. 6.25 cm 2 was the counter electrode, and saturated calomel electrode was applied as the reference electrode. Digital orbital shaker (WIGGENS Labortechnik Gmbh, WS-100D, Germany) was utilized for shaking of MO dye solution. The distance between the working electrode and light source was 6 cm, and luminous intensity was set at ~41.64 mW/cm 2 . For each PEC experiment, the cell was filled with 150 mL electrolyte solution.
The concentration of MO dye in solution was analyzed using a spectrometer (T6, Beijing puxi general instrument Co. Ltd) by measuring intensity in peak absorbance at 464 nm. All experiments were conducted at room temperature. [29] and photoelectrocatalysis (PEC) [30] [31] . PEC shows 97% degradation after 40 min treatment. In comparison, the processes carried out without UV-vis irradiation (EC) and without current (PC) show negligible changes in MO dye concentration. The results indicated that electrical-enhanced photoctalysis can have excellent degradation activity. (Figure 2c and 2d ), which may have negative impact on PEC activity of TNTs. Figure 2f depicts the current-time curve of nanotubes formation. The Ti foil current shows a downward trend with a sharp drop during the initial stage related to oxide formation followed by a slow upward process representing pore erosion, and finally slow downward current indicative of nanotube formation.
RESULT AND DISCUSSION
Photoelectrocatalytic activity of TiO2 nanotube toward MO dye degradation
Effects of TiO2 nanotubes lengths on PEC activity
The impact of nanotube length of TNTs on its PEC activity is investigated [32] [33] , and the results are presented on Figure 3 . In this study, 0.4V applied bias was utilized [34] [35] . The PEC activity of TNTs increases with its length. It only takes 28 min for 2.90 um long TNTs to reach 98% degradation percentage, in comparison with that of 36min for 4.16 um long TNTs and 40 min for 7.72μm long TNTs. on the other hand, the photocurrent response of TNTs with different nanotube length during PEC process is presented in Figure 4 . Similarly, the photo-current of TNTs increases with its length. E.g.: the photocurrent for 2.90 um long TNTs reaches 8.1mA after 40 min degradation. In contrast, that for 7.72μm long TNTs only has 5.5 mA. The more excellent PEC activity for shorter TNTs length may due to two reasons: firstly, shorter TNTs length means less electric resistance on directed-moving photo-generated chargers during PEC process, hence generating higher photo-current and better PEC activity; secondary, fabrication of TNTs is essentially an electrochemical corrosion process, which weakens the junction between TNTs and Ti substrate. Consequently, the shorter the anodization time, the less the corrosion and the stronger adhesion between TNTs and Ti substrate, which means less electric resistance on the junction.
Influence of integrity of anodic TiO2 nanotubes on MO degradation activity
The impact of the integrity of annealed TNTs on its PEC was investigated, and the results are presented in Figure 5 . In order to create different degree of integrity, annealing with different time is performed. Apparently, TNTs with extending annealing time presents worse integrity and PEC activity. E.g.: It takes 28 min for TNTs with better integrity to reach 98% degradation percentage, which is 4 min less than that for TNTs with worse integrity. In terms of the photocurrent response, that of TNTs with better integrity is apparently higher (annealing time: 1h) than that of worse integrity (annealing time: 3h) ( Figure 6 ). The XRD patterns of annealed TNTs are also researched, and the results are exhibited in Figure 7 . The results indicated no essential difference between TNTs with better and worse integrity, which means no difference in crystal form and crystallinity. 7 Apparently, for TNTs with worse integrity, more cracks and breaks are generated along TiO2 nanotubes ( Figure 6 ), and it's logical to predict a less junction between TNTs and Ti substrate. During anodization process, strain is generated within TNTs. The subsequent proper annealing may eliminate most of the strain, while severe annealing may release the strain, and cause cracks and breaks, the more the annealing time, the more cracks and breaks generated. Consequently, the directional moving of photo-generated charger will be hindered by the existence of cracks and breaks, and presents lower photo-current and worse PEC activity. 
Effects of crystallographic orientation of TiO2 nanotubes towards MO degradation
The impact of crystallographic orientation of TNTs on its PEC was investigated, and the results are presented in Figure 8 . In order to fabricate TNTs with different crystallographic orientation, electrolyte with different water content is applied [36] . Accordingly, PEC activity of prefer-oriented TNTs (P-TNTs) is much better than that of randomly-oriented TNTs (R-TNTs). E.g.: It takes 24 min for P-TNTs to reach 98% degradation percentage, which is 16 min less than that for R-TNTs (Figure 8 ). The XRD patterns of annealed TNTs with different crystallographic orientation are also researched, and the results are exhibited in Figure 9 . The peak intensity of both anatase type P-TNTs and R-TNTs show no significant difference except at 2θ=37.8, in which the peak intensity of anatase type P-TNTs is much higher than that of R-TNTs. Apparently, TNTs with 2 % water contents (P-TNTs) presents better crystallographic orientation than that of 5% water contents (R-TNTs) .
In terms of the photocurrent response, that of TNTs with better integrity is apparently higher (P-TNTs) than that of worse integrity (R-TNTs) ( Figure 10 ). Cross-sectional views of TNTs are also displayed in Figure 10 . The average nanotube pore diameters of P-TNTs and R-TNTs are 97.2 and 94.3 nm with wall thicknesses of 12.9 and 11.9 nm, respectively. The nanotube lengths are estimated as 3.6 and 4.16 μm, respectively. The dimensional difference between P-TNTs and R-TNTs is actually indistinctive if the measurement error is considered. Consequently, the difference in PEC activity between P-TNTs and R-TNTs is mainly due to the crystallographic orientation. Lee et al. revealed that the P-TNTs showed a preferred orientation along the [001] direction of the anatase crystal structure, and faster electron transport, which is supported by the photocurrent results [36] . Consequently, the directional moving of photo-generated charger will be accelerated due to the preferred orientation of rutile cystal within P-TNTs, and accordingly improve its PEC activity. 
CONCLUSIONS
Here, the influence of TNTs structure on its PEC activity is explored systematically. The PEC activity of TNTs increases with its length. It only takes 28 min for 2.90 um long TNTs to reach 98% degradation percentage, in comparison with that of 40 min for 7.72μm long TNTs. Better integrity and smoothness of TNTs presents better PEC activity. E.g.: TNTs annealed at 350 o C for 1h presents better integrity and only take 28 min to obtain 98% degradation percentage, in comparison with that of 32 min for TNTs annealed at 350 o C for 3h. The crystal structure of P-TNTs shows better PEC activity than that of R-TNTs. E.g.: it only takes 24 min for P-TNTs to reach 98% degradation percentage, in comparison with that of 36 min for R-TNTs. Consequently, it's quite important to optimize the structure of TNTs in order to achieve excellent PEC activity.
